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NOTATION 

Phase  velocity  of  a  longitudinal  elastic  wave. 

Phase  velocity  of  a  longitudinal  elastic  wave  when 
the  wavelength  Is  much  larger  than  the  diameter 
of  the  elastic  rod. 

Young's  modulus. 

Stiffness  of  the  mount. 

Length  of  the  mount. 

Mass  of  the  mounted  machine. 

Mass  of  the  elastic  material  of  the  mount. 

Dimensionless  damping  parameter 

Lumped  resistance  of  the  mount. 

Critical  resistance. 

Cross-sectional  area  of  the  mount. 

Transmlss lb 11 Ity . 

Particle  displacement  In  the  elastic  material. 
Particle  velocity  in  the  elastic  material. 

Admittance  per  unit  length  of  the  transmission  line. 
Characteristic  Impedance  of  the  transmission  line. 
Attenuation  function. 

Phase  function. 

Propagation  function. 

Shear  viscosity  of  the  mount  material. 

Longitudinal  viscosity  of  the  mount  material 
Poisson's  ratio. 

Density  of  mount  material. 

Longitudinal  stress. 

Shear  stress. 

Angular  frequency. 

Angular  frequency  at  the  spring  miajss  resonance. 
Angular  frequency  at  the  standing  wave  resonances. 


WAVE  EFFECTS  IN  ISOLATION  MOUNTS 


by 

Mark  Harrison,  Alan  0.  Sykes,  and  M.  Martin 


ABSTRACT 

Both  theoretleal  and  eiperlmeiital  atudlea  of  ware  affects  la  isolatloo  mounts 
hare  been  made.  From  the  staadpoiat  of  vlbratloo  Isolattoa,  ware  etteets  are  Im¬ 
portant  in  the  sense  that  the  rtbratiaa  leolatint  properties  of  a  anount  are  changed 
bjr  their  presence.  The  well-known  "himpod  parameter"  theory  of  vibration  mounts 
prediets  that  the  vibration  Isolation  of  a  mount  Increases  at  13  <l>  per  octave  for 
frequencies  well  above  the  reeonant  frequency  of  the  spring-mass  system.  This 
theory  holds  true  only  when  the  wavelength  of  the  elastic  wave  In  the  mount  la 
large  compared  to  the  dlmenslona  of  the  mount.  Standing  waves  occur,  as  would  be 
espeeted,  which  In  certain  frequency  rnnges  decrease  the  vibration  isolation  proper¬ 
ties  of  the  mount  by  as  much  as  20  <B>.  For  practical  mounts,  wave  effects  are 
most  detrimental  in  the  most  audible  frequency  range  (500  to  1000  cpa).  The  theo¬ 
retical  and  eaperimental  treatments  are  la  good  afreement,  and  indicate  various 
methods  for  Improvtag  the  vlbratloa  Isolation  properties  of  the  nuwnt.  Bnperimea- 
tsl  data  coneemtaig  isolatlan  mounts  fabricated  of  various  materials  are  presented. 


INTRODUCTION 

If  the  performance  of  a  typical  isolation  mount  is  measured,  it  is 
found  that  It  departs  from  that  which  is  predicted  from  simple  vibration 
theory.  This  theory,  which  is  based  upon  treating  the  spring,  mass,  and  the 
resistance  as  lumped  parameters,  predicts  that  the  vibration  Isolation  of  a 
mount  increases  at  12  db  per  octave  for  frequencies  well  above  the  resonant 
frequency  of  the  spring-mass  system.  A  detailed  treatment  of  the  lumped 
parameter  theory  will  not  be  given  in  this  paper,  as  it  has  been  adequately 
presented  in  many  texts  on  vibration  engineering.'  The  performance  of. a 
mount  in  regard  to  vibration  isolation  is  usually  measured  in  terms  of  trans 
misslbillty,  which  is  defined  as  the  ratio  of  the  force  delivered  by  a  mount 
to  a  base  mnsistlng  of  an  infinite  rigid  mass  to  the  force  developed  by  the 


iRvfaTMiMa  ar*  llatad  on  paga  28. 
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fflachlne . 


In  decibels,  the  transmisslblllty  T,la  given  by 


"wtMkint’ 


It  Is  found  experimentally  that  the  transmisslblllty  of  an  actual  mount 
behaves  In  a  manner  that  Is  Illustrated  In  Plgiure  1 .  Reference  2  contains 
extensive  data  on  many  commercial  Isolation  mounts,  and  these  data  all  show 
that  the  transmisslblllty  decreases  at  12  db  per  octave  for  a  limited  fre¬ 
quency  range  only,  while  at  higher  frequencies  a  complicated  behavior  that 
Is  suggestive  of  standing  waves  is  revealed. 

It  Is  the  Intention  of  this  paper  to  explain  the  actual  behavior 
of  mounts  In  terms  of  wave  effects.  (The  mounts  will  be  treated  as  acoustic 
transmission  lines  with  traveling  and  standing  waves.)  These  waves  are 
elastic,  and  for  complicated  mounts  may  be  combinations  of  shear,  compression, 
bulk,  torsion,  and  Rayleigh  surface  waves.  It  may  be  seen  from  Figure  1  that 
wave  effects  have  the  ability  to  l]iq>alr  the  noise  Isolation  properties  of 
the  mount.  It  will  be  seen  that  standing  waves  can  Increase  the  transmlssl- 
blllty  of  a  mount  In  certain  frequency  ranges  by  as  much  as  20  db  above  that 
which  would  be  predicted  from  simple  vibration  theory.  At  higher  frequencies, 
however,  the  transmisslblllty  may  be  decidedly  reduced. 

The  method  of  treating  this  problem  has  been  both  experimental  and 
theoretical.  On  the  experimental  side,  actual  mounts  have  been  constructed 
and  their  transmisslblllty  measured.  They  are  Intended  to  be  Idealizations 
of  compression  mounts,  though  sufficiently  similar  to  practical  mounts  to 
preserve  the  essential  features.  On  the  other  hand,  the  mounts  are  suffi¬ 
ciently  simplified  to  permit  an  adequate  theoretical  treatment  without  need¬ 
less  complications. 

The  agreement  between  theory 
and  experiment  Is  sufficiently  good  tc 
Justify  the  principal  thesis  of  the 
study,  namely,  that  an  adequate  treat¬ 
ment  can  only  be  given  by  viewing  the 
Isolation  mount  as  a  continuous  elastic 
structure  in  which  wave  motion  occurs. 


Figure  1  -  Experimental  Curve  of 
Transmisslblllty  f  In  db 
versus  Frequency  In  cps 

bard  Novat  800X1190. 
aMhlw  am  9-9  tt. 
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THEORETICAL  DISCUSSION 


Longitudinal  wave  aotlon  In  an  elastic  rod  with  viscous  moduli 
and  whose  disaster  is  small  compared  to  the  wavelength  Is  given  by  the  equa*^ 
tlon^ 


d*u 


S 


^•w 

a»* 


d>»w 


[13 


Because  of  the  finite  cross  section  of  the  rod,  there  will  be 
lateral  motion  and  lateral  stress*  so  this  derivation  Is  not  exact.  The 
effect  of  this  approximation  on  the  velocity  and  damping  will  be  discussed 
In  the  Appendix. 

Solutions  of  Equation  [1 ]  for  the  case  of  an  elastic  rod  terminated 
at  one  end  by  an  Infinite  rigid  mass  and  with  the  other  end  excited  by  a 
slnqpile  harmonic  driving  force  will  now  be  Investigated.  For  this 

ease,  Equation  [1]  becomes 


P 


/p  .  .  .y  d*w 

{E-¥  jwn  )-^ 


The  solution  to  this  equation  Is 


[2] 


(33 


Where  y»a-¥j0,  the  complex  propagation  function.  Ifwa/F«li  then  it  may 
be  verified  by  substitution  that 


[4] 


15) 

(6) 


An  exact  solution  to  the  differential  equation  has  been  given  by 
Nolle,*  but  it  develops  that  for  the  amount  of  damping  In  the  mount  consider¬ 
ed  In  this  paper  the  error  In  using  this  approximate  solution  Is  negligible. 
The  termination  of  the  rod  In  the  Infinite  rigid  base,  as  shown  in  Figure  2, 
Imposes  the  boundary  condition  ««0atx*0.  At  x  •  I ,  P  Equation 

[3],  when  solved  using  these  boundary  conditions,  gives  two  equations  that 
lead  to  the  two  equations. 


k 


F.Mtrs 


It  Is  to  t>s  observed  thst  the  reelprooal  of  the  admittance  per  unit  length 
of  the  transmission  line  Is  given  by 


[9] 


For  those  who  like  analogies,  the  ease 
here  Is  one  of  an  open  circuited  trans¬ 
mission  line  idiose  series  l^^edanee  is 
an  Inductance  and  whose  shunt  Impedance 
is  a  resistance  In  series  with  a  capacity. 
In  the  present  treatment,  use  will  be 
made  of  the  well-known  formal  Identity 
of  acoustic  and  electrical  transmission 
line  equations.  In  this  point  of  view 
one  merely  needs  to  know  y  and  The 
propagation  function  has  already  been  found  (Equations  [4]  and  [5].),  and  the 
characteristic  impedance  Z^  la  known  to  bepC,. 

All  transmission  line  relationships  given  In  the  subsequent  treat¬ 
ment  are  contained  elsewhere.^ 

The  isolation  mount  Is  represented  In  Figure  2.  The  relationships 
for  the  forces  shown  in  the  figure  are 


Figure  2  -  Diagram  of  Isolation 
Mount  and  Acting  Forces 


■F  (Z-^juU) 


no] 


where  Z,  the  Input  Impedance  of  the  mount.  Is  given  by  the  equation, 

z^sz,oo(hrl  nz] 

The  ratio,  of  to  f  Is  given  by 

T—  ^ 

-  iiah  oosh 
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This  ratio  of  forces  Is  defined  as  the  transralsslblllty  T  f or  the  mount. 

It  is  Instructive  to  observe  that  this  gives  the  simple  vibration 
theory  for  the  mount  when  the  wavelength  of  sound  in  the  mount  is  much  larger 
than  the  physical  length  of  the  mount.  From  Equation  [9j  it  Is  seen  that 


^0 


y 

V 


[14] 


Equation  [13]  can  then  be  written 

T 


juM 


‘sinh  yi 
'  yl 


+  coehy/ 


[13a] 


Now  as  k»  l,yl  *  0 ,  so  that  sinh  Yl  *Yi.  The  expression  for  T  then  becomes 


«-(a 


r  = 


R-^ 


[15] 


where  R  and  K  have  been  defined  by  the  equations, 

R 


El 

I 


ES 

I 


[16] 


These  quantities  are  the  ordinary  resistance  and  stiffness  of  the  mount  that 
are  used  in  vibration  theory.  The  magnitude  of  T  can  be  written  In  a  con* 
venlent  nondlmenslonal  form, 

11/1 


ITl- 


r  1+ (=="*' 

1’  1 

1 

1 

M 

r2uR  \* 

*  . 

[17] 


1  1 

where  and  R,  ■  2  (JTJf  )T  This  equation  Is  more  adequately  dis¬ 

cussed  In  Reference  1 . 

For  purposes  of  computation.  Equation  [13]  can  be  put  Into  other 
forms.  In  the  discussion  of  vibration  mounts,  only  the  magnitude  of  T  is  of 
Interest,  so  the  following  treatment  Is  accordingly  restricted.  After  no  In¬ 
considerable  amount  of  algebra,  the  magnitude  of  Equation  [13]  can  be  written 

,  l  +  6n* 

•  a 


in*- 


_ _ 14-6n» _ 

{(1+  6n*)(sinh*a/ + oos*/9/]  +  [«nh*o/ + I**  wnh  a/  “  2  (1 + 2n*)  sin  2/81} 

*  [18]. 
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where  n  is  the  nondlmenslonal  damping  parameter  and  is  equal  to  uft'/iE. 

It  is  instructive  to  examine  Equation  [18]  when  the  viscous  damping 
Is  zero.  Setting  n  ■  0  we  obtain 


in 


uM 

pC^S 


[19] 


mi0l\ 


It  is  convenient  to  introduce  the  following  nondlmenslonal 


quantities 


n  »  uitV2E 
fil  -  w/«o  im/MY'* 
al  “  nu/u^  (m/M)^* 
uM/pC^S  - 


where  ntmplS  ,  the  mass  of  the  elastic  material  In  the  isolation  mount. 
Equations  [l8]  and  [19].  then  become 


in*- 


X  +  6n* 


[20] 


[21] 


These  are  the  forms  that  best  lend  themselves  to  discussions  and  computations. 
It  is  20  logr,  with  T  given  by  Equation  [20],  that  Is  plotted  In  Figures  3  ** 

7«  inclusive.  The  denominator  of  Equations  [20]  and  [21]  becomes  a  minimum 
when 

,  »-l,  2, 8***  [22] 

The  corresponding  values  of  Wj  are  the  standing  wave  angular  resonant  fre¬ 
quencies.  The  denominator  of  Equations  [20]  and  [21]  becomes  a  minimum  when 
becomes  small  because  of  w  approaching  •  This  gives  the 
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ordinary  vibration  theory  resonance. 

It  is  of  interest  to  write  Equation  [17]  using  a  different  notation. 
After  eonsiderable  algebra  the  equation  can  be  written 


r- 


i/i 


[23] 


It  should  be  noted  ttot  in  this  case  n  becomes  identical  with  the  ratio  R/R, 
that  Is  Introduced  as  a  dimensionless  parameter  in  the  ordinary  vibration 
theory.  This  can  be  shown  directly  by  going  back  to  the  definitions  of  n, 

R,  and  R,,  and  performing  the  necessary  algebra.  At  the  low  frequency  reso¬ 
nance,  when  damping  Is  not  too  large,  the  expression  for  the  transmissibllity 
becomes  approximately 


[24] 


It  is  also  of  Interest  to  point  out  that 


1 


[25] 


where  Q,  Is  the  Q  at  the  low  frequency  resonance,  and  Is  defined  by  the  equa¬ 
tion 

It  may  seem  surprising  that  the  mass  ratio, M/m,  turned  out  to  be 
a  fundamental  parameter  In  the  preceding  treatment,  so  It  seems  appropriate 
to  add  a  few  words  of  explanation.  Suppose  that  both  the  machine  mass  M and 
the  low  resonant  angular  frequency  Wg  are  specified.  Since  •  {K/M)^, 

K  Is  also  specified.  With  K  specified.  It  Is  still  possible  to  make  an  In¬ 
dependent  choice  of  m.  For  exanqjle.  If  the  mount  Is  a  circular  cylinder,  K, 
is  given  In  terms  of  the  area,  length,  and  Young's  modulus  by  the  equation, 

AC-—  [26] 


Keeping  K  and  E  constant  still  permits  an  arbitrary  choice  of  <5.  By  choosing 
S  and  I  large  or  small,  the  value  of  m  can  be  made  large  or  small.  The  shape 
of  the  mount  changes  with  the  value  of  w»  since  the  linear  dimensions  of  the 
mount  do  not  remain  proportional..  In  conjunction  with  these  ideas.  Equation 
[26]  can  be  written 


wi  ■■ 


pES* 

K 


[27] 
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_ _ _ _  where  p  -m/Sl.  thub  It  Is  seen  that 

I  choosing  K  still  leaves  us  free  to 

to - ]  I - 

•  V  choose  m,  and  this  is  tantamount  to 

i  ®  choosing  a  shape  for  the  mount. 

^■*0  N”  "  Returning  to  the  discussion 

5-40: - - —  of  the  theoretical  curve  of  transmlssl- 

l-eo - Mi -  billty,  there  is  plotted  in  Figures  3  - 

.5  NX  -.^M^OiOS 

_ N  7,  the  transmlsslblllty  T  versus  the 

_ _ _ frequency  ratio  w/w,  for  a  mass  ratio 

'  M/m  of  1 00  and  for  three  values  of  the 

damping  parameter,  n;  0.03,  0.1,  and 

Figure  3  -  Theoretical  Curve  of  o.3.  Most  practical  mounts  have  mass 
Transmlsslblllty  T  In  db  versus 

Frequency  Ratio  for  a  ratios  between  100  and  1000,  and  values 

Mass  Ratio  M/m*  lOO  of  ,i  between  0.1  and  0.03.  The  previ¬ 

ously  mentioned  curves  are  computed  on  the  assumption  both  of  constant  veloc¬ 
ity  of  the  elastic  wave  In  the  mount  and  of  constant  n.  This  Is  only  approxi¬ 
mately  true  In  actual  mounts,  but  plotting  the  curves  on  this  basis  helps  re¬ 
veal  the  pertinent  features.. 

In  Figure  3  It  Is  seen  that  the  mount  obeys  the  lumped  parameter  vi¬ 
bration  theory  until  w  approaches  standing  wave  frequencies.  The  transmlssl¬ 
blllty  versus  frequency  curve  then  departs  from  the  familiar  12-db  per  octave 
relationship.  The  standing  wave  frequencies  can  be  computed  by  the  approxi¬ 
mate  relationship, 


t-1,2,8 . 


«o 


Figure  4  - .Theoretical  Curve  of 
Transmlsslblllty  T  In  db  versus 
Frequency  Ratio  w/w«  for  Dancing 
Parameter  a  >  0.1  and  for 
Various  Naas  Ratios 


where  Is  the  angular  frequency  of  the 
standing  wave.  The  transmlsslblllty 
Ti,at  Ui  can  be  computed  from  the 
approximate  relationship. 


which  Is  an  approximation  of  Equation 
120].  It  Is  Interesting  to  note  that 
the  peaks  In  the  transmlsslblllty  be¬ 
cause  of  the  standing  waves  decrease, 
at  12  db  per  octave  and  are  displaced 
upward  from  the  simple  vibration  theory 
curve  by  20  logn.  The  valleys  between 
the  peaks  decrease  at  6  db  per  octave, 
and  the  standing  waves  are  no  longer 
diaoemlble  for  frequaney  ratios  above 
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the  ratio  where  a  line  drawn  through 
the  peaks  and  valleys  Intersects.  It 
can  be  shown  that  for  these  high  fre¬ 
quency  ratios  the  mount  can  be  viewed 
as  a  dissipative  medium  in  which  the 
elastic  waves  are  exponentially  atten¬ 
uated.  In  this  frequency  range  the 
transmlsslblllty  decreases  at  an  accel¬ 
erated  rate,  as  the  figures  clearly 
show. 

Figure  3  Illustrates  the  ad¬ 
vantage  of  high  damping.  This  Is  at 
variance  with  the  simple  vibration 
theory  which  states  that  high  damping 
can  Increase  the  transmlsslblllty.  The 
has  Its  basis  In  the  fact  that  simple  vibration  theory  Is  only  a  partial 
description  of  the  situation. 

Figure  4  shows  the  transmlsslblllty  for  various  mass  ratios,  with 
the  damping  held  constant.  In  this  situation  there  does  not  appear  to  be  a 
universally  best  mass  ratio.  The  mass  ratio  that  gives  the  best  performance, 
l.e.,  the  smallest  transmlsslblllty.  In  one  frequency  range  may  give  poor 
performance  In  another  frequency  range. 

In  Figure  5  a  comparison  is  made  upon  a  different  ba8l8--the  machine 
mass  M  Is  specified  and  the  stiffness  K  and  hence,  the  resonant  frequency  w, 

Is  varied,  since  ■  {K/hC^ •  However,  K  is  varied  by  changing  only  the 
cross-sectional  area  of  the  mount  and  leaving  the  length  of  the  mount  constant. 


Figure  5  -  Theoretical  Curve  of 
Transmlsslblllty  T  In  db  versus 
Frequency  Ratio  u/m  for  Damping 
Parameter  n  ■  0.1  and  for 
Various  Mass  Ratios 

discrepancy  between  the  conclusions 


ITls  given  In  terms  of  the  dimensions 
of  the  mount  by  the  equation 
where  S  is  the  cross-sectional  area, 

I  is  the  length,  and  E  Is  Young's  modu¬ 
lus.  In  the  figures,  the  transrolssl- 
blllty  In  decibels  Is  plotted  versus 
the  dimensionless  frequency  ratio 
tt  /Uf,  where  is  the  angular  frequen¬ 
cy  of  the  first  standing  wave.  The 
results  lead  to  the  same  conclusion 
as  does  the  simple  vibration  theory, 
namely,  that  should  be  as  low  as 
possible  to  give  low  transmlsslblllty 
at  high  frequencies.  Figure  6  results 


Figure  6  -  Theoretical  Curve  of 
Transmlsslb.J.llty'T  In  db  versus 
Frequency  for  Damping  Parameter 
n-  0.1  and  Two  Mass  Ratios 
Differing  by  a  Factor  of  J 
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Figure  7  -  Theoretical  Curve  of 
Transmlsalblllty  T  in  db  versus 
Frequency  Ratio  for  a 
Mount  Constructed  of  Buna 

ni*  MM*  ratio  JV/m  a  100  and  b  opa. 


from  the  same  conditions  that  were  ob¬ 
served  in  Figure  5,  except  that  the 
stiffness  is  changed  by  varying  the 
length  of  the  mount  rather  than  the 
cross-sectional  area.  An  arbitrary  fre¬ 
quency  scale  is  used  since  there  are  no 
convenient  dimensionless  frequency 
parameters.  The  stiffness  for  the  two 
curves  differs  by  a  factor  of  three. 

The  standing  wave  frequencies, vary 
Inversely  with  the  length  of  the  mount, 
while  the  low  resonant  frequency,  w, , 
varies  Inversely  with  the  square  root 
of  the  length.  The  conclusion  indicated 
here  once  again  is  that  it  is  advanta¬ 


geous  to  have  as  low  as  possible. 

In  Figure  7  the  theoretical  curve  is  given  for  a  mount  constructed 
of  Buna -N  cement.  The  data  for  this  were  obtained  from  Reference  4.  This 
curve  is  included  because  Buna-Nhas  remar.kably  good  properties  with  respect 
to  the  amount  of  damping,  and  the  effects  of  standing  waves  are  negligible. 
In  fact,  the  transmlsslbllity  is  less  than  simple  vibration  theory  would 
lead  one  to  expect. 


EXPERIMENTAL  RESULTS 

The  types  of  mounts  which  were  studied  experimentally  were  compres- 
slonal  and  of  cylindrical  fom.  One  spring  mount  was  considered  to  show  that 
the  method  of  analysis  used  was  applicable.  There  were  various  reasons  for 
choosing  a  particular  shape  of  mount  and  the  material  from  which  the  mount 
was  fabricated.  Actual  compression  mounts  have  complicated  shapes  and  pften 
operate  with  complicated  constraints  on  the  boundaries.  As  such,  they  pre-. 
sent  an  impossibly  difficult  analytical  problem.  A  circular  cylinder  with 
its  ends  bonded  to  the  metal  disks  was  chosen  because  if  it  became  necessary 
to  obtain  an  analytical  solution  to  the  elasticity  problem,  it  would  be  possi¬ 
ble  to  do  so.  Actually,  it  has  not  yet  appeared  imperative  to  obtain  the 
exact  solution  to  the  elastic  problem,  though  it  does  appear  desirable.  In 
this  study  the  analytic  problem  has  been  circumvented  by  using  cylinders  of 
different  length  to  diameter  ratios.  If  the  length  of  the  cylinder  is  con¬ 
siderably  larger  than  the  diameter,  then  the  stress  distribution  is  plane 
over  a  cross  section  sufficiently  distant  from  the  constraint  on  the  ends 
which  results  from  the  rubber-metal  bond.  Conditions  are  ideally  simplified 


n 


In  this  case,  and  the  theoretical  results  apply  to  an  excellent  degree  of 
approximation,  sinpe  the  elastic  properties  of  the  cylinder  are  uniform 
throughout  most  of  its  length.  Here,  for  example,  the  stiffness  JiT,  is  quite 
accurately  related  to  Young’s  modulus  ^  by  if  *ES/l,  where  S  and  I  are  the 
cross  section  and  length  of  the  cylinder,  respectively.  If,  however,  the 
length  of  the  cylinder  is  considerably  smaller  than  the  diameter,  then  the 
effect  of  constrained  ends  is  to  complicate  the  stress  and  strain  dlstrlbutlOii 
near  the  ends  of  the  cylinder.  This  results  in  velocity  and  damping  changes 
in  the  mount  material.  Also,  if  one  attempts  to  compute  K  as  indicated  above 
he  would  use.  Instead  of  E,  some  effective  modulus  which  is  a  function  ofS/l. 
This  function  can  be  obtained  analytically  or  experimentally.  This  effect 
of  the  constrained  ends  is  called  the  "end  effect"  and  is  discussed  in  the 
Appendix. 

The  mounts  were  all  tested  with  a  low  value  of  mass  ratio,  ilf/m, 
since  for  large  mass  ratios  the  transmlsslblllty  becomes  small  at  relatively 
low  frequencies  and  difficulty  with  noise  pick-up  is  encountered.  For  large 
mass  ratios,  there  is  no  reason  to  expect  the  mount  to  behave  in  a  manner 
different  from  that  predicted  by  theory.  It  is  expected,  however,  that  the 
effective  stiffness  of  the  mount  wl.ll  change  with  different  loads,  since 
the  static  stress-strain  curve  is  not- quite  linear. 

The  mounts  were  constructed  from  conveniently  available  materials. 
Some  of  the  materials  were  rubber  with  ordinary  elastic  and  damping  constants, 
corprene,  cell-tight  rubber,  and  a  steel  helical  spring.  These  materials 
were  chosen  because  it  was  believed  that  their  unusual  physical  properties 
would  exaggerate  various  effects  and  provide  a  test  for  the  applicability  of 
the  theoretical  ideas. 

Table  1  gives  the  physical  dimensions  of  the  cylindrical  mounts, 
their  mass  m,and  the  designation  by  which  the  mounts  are  referred  to  in  the 
figures.  The  numerical  designation  refers  to  a  kind  of  material,  and  the 
alphabetical  designation  distinguishes  various  shapes  for  a  particular  kind 
of  material. 

Tables  2.  3,  and  4  present  data  on  the  static  and  dynamic  stiff¬ 
nesses.  In  Table  2  it  is  seen  that  the  dynamic  stiffness  is  always  larger 
than  the  static  stiffness.  The  static  "end  effect"  should  also  be  noted. 

If  there  was  no  end  effect,  changing  the  length  of  the  mount  by  a  factor  of 
two  should  change  the  stiffness  by  a  like  factor.  Comparing  the  static  stiff¬ 
ness  data  for  mounts  1C  and  ID,  it  may  be  seen  that  changing  the  length  by  a 

factor  of  two  results  in  a  change  in  the  stiffness  by  a  factor  of  three  and 

% 

one-half.  For  longer  mounts,  such  as  1A  and  IB,  the  end  effect  is  negligible. 
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TABI£  1 


Physical  Data  for  the  Isolation  Mounts 
Investigated  Experimentally 


Mount 

Designation 

Length 

Inches 

Diameter 

Inches 

m 

pounds 

Mount 

Material 

1A 

3.0 

WEM 

0.130 

Soft  rubber 

IB 

1.5 

wsem 

0.065 

Soft  rubber 

1C 

0.5 

1.25 

0.0217 

Soft  rubber 

ID 

0.25 

1.25 

•  •  a 

Soft  rubber 

2A 

3.97 

1.25 

0.204 

Hard  rubber 

2B 

1 .96 

1.25 

0.101 

Hard  rubber 

2C 

0.51 

1.25 

0.0235 

Hard  rubber 

2D 

0.25 

1.25 

0.0134 

Hard  rubber 

3 

0.437 

1.25 

Cell-tight  rubber 

4 

a  «  4 

•  •  • 

0.178 

Steel  helical  spring 

5 

0.73 

1.25 

0.0259 

Coj^rene 

TABI£  2 


Comparison  of  Static  and  Dynamic  Stiffness 

TIm  of  tlM  Mount  la  glTn  In  pafontbanaa  baalda  tha  Mount  daalvmtlen. 

Hw  fMauanoT’  at  unioh  tbo  Ajnaalo  atlffnaaa  uua  oetnlaod  la  glTun  In  pnranthaaaa. 


Mount 

Static  Stiffness 
Ib/ln.. 

Dynamic  Stiffness 

Ib/ln. 

lA  (3  In.) 

95 

Ill  (27.5  cps) 

IB  (1 .5  In.) 

185 

204  (37.5  cps) 

1C  (0.5  In.) 

850 

831  (80  cps) 

ID  (0.25  In.) 

2800 

3800  (150  cps) 

2A  (4  In.) 

134 

251  ,(44  cps) 

2B  (2  In.) 

275 

571  (64  cps) 

2C  (0.5  In.) 

1140 

3090  (145  cps) 

2D  (0.25  In.) 

2600 

18,000  (350  cps) 
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TABLE  3 

Static  Stiffness  Versus  Creep  Time 


Mount 

Static  Stiffness 
(1  sec  creep) 

Static  Stiffness 
(30  sec  creep) 

2A  (4  In.) 

167 

134 

2B  (2  In.) 

310 

275 

20  (0.5  In.) 

1400 

1140 

2D  (0.25  In.) 

5600 

2600 

The  dynamic  stiffness  was  then  obtained  through  use  of  the  equation 
K"Muq.  Table  4  presents  the  dynamic  stiffness  at  different  frequencies. 

The  behavior  of  mount  2D  Is  of  Interest.  In  Table  2  It  Is  seen  that  mount 
2D  had  the  largest  difference  between  static  and  dynamic  stiffnesses.  Now 
In  Table  4,  the  dynamic  stiffness  of  mount  2D  Is  decreasing  with  decreasing 
frequency  and  Is  approaching  the  static  value.  These  data  are  noteworthy 
since  for  the  same  material,  save  for  a  length  of  4  In.,  there  was  no  varia¬ 
tion  of  the  stiffness  aside  from  the  experimental;  however,  the  frequency 
range  was  different.  For  the  4-lnch  mount  (2A),  the  data  presented  In  Figure 
12  show  that  the  elastic  moduli  are  relatively  constant  for  frequencies  up 
to  1000  cps.  Since  this  contradicts  the  data  presented  In  Table  4  on  the 
0.23-lnch  mount  (2D),  the  difference  Is  quite  possibly  associated  with  the 
"end  effect." 


TABLE  4 

Dynamic  Stiffness  Versus  Frequency 


Mount  ID 

Frequency 

Stiffness 

cps 

Ib/ln. 

32.5 

3980 

50.0 

2710 

87.5 

3220 

157 

3800 

Mount  2D 

41 

6340 

116 

14,500 

192 

15,500 

340 

18,000 
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TABLE  5 


Conqparlson  of  Computed  and  Measured  Ratio  of  Standing 
Wave  Frequency  to  the  Low  Resonant  Frequency 


Computed 

Measured 

Percent 

Error 

Mount 

Designation 

Mount 

Material 

10.8 

11.3 

+4.6 

lA 

Soft  rubber 

14.7 

i6.3 

■SB 

IB 

Soft  rubber 

24.0 

33.7 

1C 

Soft  rubber 

8.22 

8.90 

+8.3 

2A 

Hard  rubber 

11.9 

13.2 

+11.0 

2B 

Hard  rubber 

36.0 

43.0 

+16.0 

3 

Cell-tight  rubber 

9.0 

9.6 

+6.7 

4 

Helical  spring 

Table  3  presents  a  comparison  between  the  computed  value  of  the 
ratio  of  the  standing  wave  angular  frequencies  to  the  low  resonant  angular 
frequency  Wj/wo  experimentally  measured  value.  It  Is  to  be  noted 

that  while  the  agreement  is  reasonably  good,  the  experimental  value  always 
exceeds  the  computed  value.  This  point  is  discussed  further  In  the  Appendix. 

Table  6  presents  the  experimentally  measured  value  of  the  dimen¬ 
sionless  damping  parameter  n.  It  Is  to  be  noted  that.  .n  Is  substantially  con¬ 
stant  for  a  reasonably  wide  frequency  range,  but  tends  to  slowly  Increase. 

It  Is  to  be  noted  that  at  specific  frequencies,  the  values  of  n  given  In 
Table  6  are  smaller  for  short  mounts  than  for  longer  mounts  of  the  same  ma¬ 
terial.  This  Is  a  consequence  of  the  rubber-metal  bond  which  gives  what  has 
been  referred  to  In  this  paper  as  the  "end  effect." 

Consider  a  rubber  cylinder  bonded  to  two  Infinitely  stiff  objects, 
designated  by  M.  Now  the  shear  stress  Is  given  by  l/2(a, -w,)  since  the 
principal  axes  are  chosen  to  coincide  with  coordinate  axes  w  and  y .  At  great 
distances  from  the  constrained  ends  e,  is  nearly  zero,  and  the  shear  stress 
Is  a  maximum.  Near  the  constrained  ends  Wy  approaches  -  w,  and  the 

shear  stress  decreases  from  Its  maximum  value.  Since  the  dissipation  Is  pro¬ 
portional  to  the  time  rate  of  shear  strain,  the  "end  effect"  results  In  a 
decrease  of  n. 

There  seems  to  be  an  equivalent  point  of  view  for  seeing  how  this 
reduction  of  n  because  of  the  end  effect  comes  about.  Since  n  ^UM'/ZETor 
a  long  thin  cylinder.  It  Is  reasonable  to  expect  that  for  more  complicated 
cases  E  should  be  replaced  by  an  effective  modulus  for  the  particular  region 
In  the  material.  Now  we  have  seen  In  the  Appendix  that  near  the  ends  the 
effective  modulus  Is  larger  thanff  and  hence  w  Is  decreased. 
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TABI£  6 

Values  of  the  Damping  Parameter  n  at  the  Resonant  Frequencies 


Tb*  nmter  of  tlw  ■tudias  wn  la  doal^katad  bj  tha  aabaorlpt  attubad  to 
ttaa  daaipliv  paraaatar  a .  3ba  fiaananop  la  opolaa  par  aaeond  la  atatad  la  paradthaaaa 
baalda  tha  aaaavrad  Taluaa  of  a . 


% 

»»1 

Mount 

Designation 

Mount 

Material 

0.025  (27.5) 

0.070  (310) 

0.14  (570) 

1A 

Soft  rubber 

0.031  (37.5) 

0.060  (610) 

0.09  (1050) 

IB 

Soft  rubber 

0.036  (80.0) 

a  a  • 

a  a  a 

1C 

Soft  rubber 

0.079  ('♦'*) 

0.120  (400) 

0.140  (800) 

2A 

Hard  rubber 

0.090  (65) 

0.11  (80) 

a  a  a 

2B 

Hard  rubber 

Figures  8-10,  Inclusive,  present  transmlsslbility  and  phase  curves 
for  the  various  mounts  whose  data  have  been  summarized  in  the  preceding  tables. 

In  Figures  8-10,  inclusive,  the  theoretical  curves  based  upon  the 
measured  values  of  n  are  superimposed  upon  the  experimental  curves.  As  may 
be  seen,  the  agreement  is  quite  good.  The  theoretical  curves  were  computed 
on  the  assumption  of  constant  velocity,  which  in  turn  implies  a  constant  ef¬ 
fective  modulus.  The  agreement  indicates  that,  as  a  first  approximation, 
this  is  a  good  assumption  on  which  to  predict  the  performance  of  a  vibration 
mount. 
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It  is  of  Interest  to  note  in  Table  ^  the  agreement  between  the  com¬ 
puted  and  measured  values  of  <■»{/»•  for  the  helical  spring.  It  may  seem  sur¬ 
prising  that,  knowing  the  mass  ratio 
U/m  and  the  low  resonance  angular 
frequency  one  is  able  to  predict 
the  standing  wave  frequency  without 
knowing  either  the  stiffness  or  the 
velocity  of  the  elastic  wave  in  the 
spring.  A  critical  examination  of 
the  ways  in  which  the  mass  ratio  M/m 
was  Introduced  as  a  parameter  reveals 
that  all  this  information  is  contain¬ 
ed  in  its  value. 

Phase  measurements  were 
made,  because  it  was  found  in  some 
instances  that  this  afforded  a  more 
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sensitive  method  of  detecting  standing 


Fraquancy  in  opt 

Figure  8  -  Superposition  of  Theoretical 
and  Experimental  Curves  of  Transraissli- 
blllty  r  in  db  and  Phase  In  degrees 
versus  Frequency  in  cps 


Mount  lA,  M/m  »  10.9 
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Figure  9  -  Superposition  of  Theoretical  Figure  10  -  Superposition  of  Theoretical 
and  Experimental  Curves  of  Transmlssi-  and  Experimental  Curves  of  Transmissl- 
billty  T  in  db  and  Phase  in  degrees  bility  T  in  db  and  Phase  in  degrees 
versus  Frequency  in  cps  versus  Frequency  in  cps 

Mount  IB,  M/m  «  ai.8  Womt  1C,  M/m  ■■  98.3 


wave  frequencies  than  the  transmlsslbllty.  The  phase  is  90  degrees  whenever 
a  longitudinal  standing  wave  occurs.  Inspection  of  the  experimental  data 
reveals  the  characteristic  behavior  of  the  phase  shifts  associated  with  the 
standing  waves. 


MEASUREMENTS  AND  INSTRUMENTATION 


The  transmlsslblllty  T  is  defined  as  the  ratio  of  the  force 
which  the  isolation  mount  delivers  to  a  base  that  consists  of  a  rigid  infinite 
mass,  to  the  exciting  force  F  applied  to  the  machine.  We  shall  view  the  sys* 
tern  of  the  mass  M  plus  the  isolation  mount  as  a  four*tennlnal  network  a-b-c>d, 
as  represented  in  Figure  1 1 ,  where  G  is  the  vibration  generator  and  is  the 
Impedance  of  the  machine.  The  transmlssibllity  is  given  by 


where  F,,  is  the  open  circuit  force  at  terminals  c-d,  which  correspond  to  a 
base  of  very  high  impedance. 

It  is  convenient  to  use  a  theorem  that  simplifies  the  measurement 
problem.  This  theorem  says  the  transmlssibllity  is  given  by 


where  V  is  the  velocity  at  terminals  c-d,  and  is  the  short  circuit  veloc¬ 
ity  at  terminals  a-b. 

Also,  it  is  true  that  the  ratio  of  accelerations  is  identical  with 
the  ratio  of  velocities,  since  simple  harmonic  motion  has  been  assumed. 
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The  meaning  of  this  exceedingly  use¬ 
ful  theorem  is  that  Instead  of  meanurlng  forces 
when  determining  the  tT<ansml88lbillty,  one  can 
measure  the  acceleration  with  accelerometers. 

The  latter  measurement  Is  considerably  simpler. 

The  proof  of  the  theorem  is  as  follows: 


Zmi  •  > 

L>£- 

*  ;  i 

oe 


Figure  11-  Representation  of 
Isolation  Mount  and  the 
Machine  as  a  FOur- 
Termlnal  Network 


If  terminals  c-d  are  shorted*  by  Thevenln's  theorem  a  Velocity  V  " 
will  result.  ^.4  Is  the  Impedance  measured  between  terminals  c-d.  Now  If 
terminals  a-b  are  short  circuited  and  the  generator  Is  applied  to  terminals 
c-d,  this  Is  equivalent  to  applying  a  force  F^VZd  to  terminals.  Also, 
a  velocity  will  appear  at  terminals  a-b.  Now  by  the  reciprocity  theorem, 

r  F 

If  the  substitutions  V *■  F^^  and  F'^VZ^  are  made,  one  obtains 


V  v 
Taa  ilAa  .  Lm. 
F  V 


Q.E.IX 

A  block  diagram  of  a  simple  measurement  system  Is  shown  in  Figure 


12. 


The  vibration  generator  must  be  carefully  adjusted  to  assure  only 
vertical  motion  of  the  generator.  The  Isolation  mount  Is  then  stud-bolted  in 
place  and  Nassa  accelerometers,  Model  127,  are  Secured  In  positions  1  and  2 
as  Indicated. 

The  vibration  generator  Is  then  driven  by  an  oscillator-power  amp¬ 
lifier  combination  at  any  desired  frequency,  and  the  amplitude  and  phase  re¬ 
lationships  of  the  outputs  from  the  two  accelerometers  are  measured.  The 
difference  In  the  amplitude  readings  measured  In  decibels  relative  to  an  ar¬ 
bitrary  reference  voltage  gives  the  modulus  of  the  transmlsslbllity  In  deci¬ 
bels,  and  the  phase  measurement  gives  the  phase  angle  of  the  transmlsslbllity. 

The  signal  to  noise  ratio  was 
Model  736a,  4-cycie,  band -width  analy¬ 
ser  to  make  the  measurements,  both  of 
aaqplltude  and  phase.  Unfortunately, 
the  analyzer  Is  difficult  to  tune  and 
must  be  calibrated  frequently  If  accu¬ 
rate  data  are  to  be  obtained.  To  fa¬ 
cilitate  the  measurements,  a  system  was 
devised  for  providing  a  signal  to  drive 
the  power. amplifier,  to  which  the  ana¬ 
lyzer  Is  automatically  tuned.  This 
greatly  simplified  the  work,  and  it  be¬ 
came  evident  that  if  a  device  could  be 


improved  by  using  a  General  Radio, 


Figure  12  -  Diagram  of  Slnq>le  Measuring 
System  for  the  Testing  of 
Isolation  Mounts 
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Figure  13  -  Diagram  of  Complete  Measuring  System  Incorporating 
a  Servomechanism  for  Maintaining  Constant  Acceleration 

1.  To  MMuro  teaiualMtbllltjr  mrltobM  A  tak  B  ansi  to  la 

poaltlOB  1. 

2.  To  MMur*  troniltolblllty  ptoM*  nltebM  A  mA  B  aost  to  la 
poaltlOB  2. 


constructed  which  would  provide  a  constant  acceleration  output  from  the  gen> 
erator,  direct  recordings  of  transmlsslblllty  would  be  possible.  Such  a 
device  was  constructed,  utilizing  the  servomechanism  of  an  FR>1  recorder. 

The  block  diagram  of  the  entire  system  Is  shown  In  Figure  13. 

The  phase  meter  Is  a  system  of  comparing  voltages  by  the  voltage 
vector  triangle  method.  It  Is  possible  to  make  measurements  of  phase  between 
u.ndlstorted  signals  Ih  the  range  from  ^0  to  10,000  cps  to  an  accuracy  greater 
than  ±1  degree  for  angles  between  0  and  180  degrees.  In  principal,  the  same 
accuracy  can  be  obtained  by  using  the  analyzer  as  a  voltmeter  for  badly  dis¬ 
torted  signals.  The  phase  meter  accuracy  Is  limited  by  the  accuracy  with 
which  the  voltage  readings  can  be  taken. 

ENGINEERING  IMPLICATIONS 

In  discussing  how  the  experimental  results  bear  on  the  problem  of 
designing  an  Isolation  mount,  the  narrow  viewpoint  Is  adopted  that  noise  re¬ 
duction  Is  the  only  goal.  All  other  considerations,  such  as  shock,  damage, 
etc.,  are  neglected.  In  other  words,  the  discussion  Is  limited  to  that  of  a 
machine  that  Is  subject  to  no  outside  influence,  and  the  sole  problem  Is  to 
Isolate  the  noise  that  Is  generated  when  the  machine  runs  from  the  foundation 
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upon  which  the  machine  Is  sitting. 

The  importance  of  high  damping  has  been  noted  elsewhere.  The  de> 
slrabillty  of  high  damoing  is  clearly  indicated.  If  the  damping  is  prescribed 
by  some  condition,  the  shape  of  the  mount  may  still  be  varied.  It  is  clear 
from  the  theoretical  curves  that  If  the  low  resonant,  angular  frequency  u,  is 
specified,  a  large  mass  ratio  M/m  la  desirable.  This  means  that  both  the 
length  and  the  cross-sectional  area  of  the  mount  should  be  as  small  as  possi¬ 
ble.  But  there  Is  a  limit  as  to  how  small  the  area  S'Can  be.  Because  of 
the  weight  Mg  of  the  machine,  a  strain  Is  caused  In  the  mount  material  that 
is  given  by 

-  If# 

where  is  the  modulus  of  the  material.  There  is  a  maximum  permissible  value 
for  this  strain  because  of  considerations  of  creep,  strength,  etc.  When,  the 
mount  material  is  specified  along  with  this  value  of  maximum  strain,  then  the 
minimum  value  of  S  is  specified.  Now  since  the  stiffness  K  is  given  by 


and  since  and  Af  are  specified,  K  is  specified.  Then  i  is  also  specified, 
since  S  is  given  by  the  maximum  permissible  strain  specification.  Further¬ 
more,  this  value  of  I  is  the  minimum  value  under  the  circumstances.  The 
preceding  argument  is  perfectly  consistent  with  another  way  of  thinking  about 
the  matter.  If  the  objective  were  to  increase  the  standing  wave  frequencies 
to  a  high  value,  then  one  would  minimize  /  .  If  w,  and  J^,  and  hence  JC,  were 
specified,  thtvn^S  would  be  minimized,  since  t  is  minimized.  However,  In 
minimizing  £5,  the  maximum  strain  specification  must  be  observed,  and  thus 
the  sw  conclusion  is  reached. 
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APPENDIX 

THE  VELOCITY  OF  COMPRESSION  WAVES  IN  CYLINDRICAL 
MOUNTS  AND  THE  END  EFFECT 

It  was  noted  earlier  that  certain  approximations  were  made  In  de¬ 
riving  the  basic  differential  equation.  The  more  exact  theory  Is  discussed 
elsewhere.*  This  reference  shows  that  when  the  wavelength  becomes  an  appreci¬ 
able  fraction  of  the  diameter  of  the  cylinder,  there  results  a  decrease  In 
velocity  from  the  value  given  hy  C,  ■  (JP/p)^/*.  To  a  first  approximation  this 
decrease  in  the  velocity  is  caused  by  the  radial  motion.  The  Inertia  associ¬ 
ated  with  this  radial  motion  was  neglected  in  the  derivation^  of  the  wave 
equation.  If  it  is  included  it  can  be  thought  of  as  an  Increase  of  the  de¬ 
nominator  of  the  expression  ■  US/p)^^*,  and  hence,  It  results  in  a  decrease 
in  velocity.  Figure  presents  the  velocity  dispersion  curve.  The  abscissa 
Is  the  ratio  of  diameter  to  wavelength,  and  the  ordinate  Is  the  ratio  of  ac¬ 
tual  velocity  to  Co . 

Other  approximations  that  affect  the  velocity  have  been  made. 

Small  damping  was  assumed  to  obtain  Equation  [6].  If  such  an  assumption  had 
not  been  made,  the  phase  velocity  of  the  wave  would  have  been  approximately 
Cm  C,  (1  +  n*/2). 

There  is  still  another  approximation  that  Is  Important.  Near  the 

ends  of  the  cylinder  that  are  bonded  to  the  relatively  stiff  metal  blocks 

the  effective  modulus  of  the  material  Increases.  As  already  noted  In  Table 

2,  this  results  in  an  Increase  in  effective  modulus.  Figure  15  presents  some 

typical  data  for  the  effective  modulus  of  cylinders  with  varying  length  to 

diameter  ratios.  It  is  easily  seen  that  the  "end  effect,"  which  Is  associated 

with  the  rubber-metal  bond,  results  In  a  higher  effective  modulus  for  the 

rubber.  What  is  not  so  easily  seen 

Is  that  It  has  a  different  Influence 

upon  both  the  low  frequency  resonant 

waves  and  the  standing  waves.  In  Table 

3  It  was  shown  that  the  observed  value 

of  Wi/wq  was  always  larger  than  the 

computed  value.  It  will  now  be  shown 

that  this  could  be  a  consequence  of 

the  "end  effect"  having  a  different 

Influence  upon  the  low  resonant  fre- 

Flgure  l4  -  Ratio  of  Longitudinal  Wave  quency  and  the  standing  wave  frequen- 
Veloclty  in  a  Circular  Cylinder  to 

the  Young's  Modulus  Velocity  cles. 

As  a  Function  of  Diameter  Consider  a  mount  constructed 

to  Wavelength  Ratio  d/X 


% 
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of  two  waterlBlB  of  aodull  £*and  £* 
as  Illustrated  In  Figure  16.  The  aount 
at  the  low  frequency  resonance  can  be 
thought  of  as  having  two  stiffnesses  Ki 
andX,,  where  K  ■  ZE^/l  and  a  corres¬ 
ponding  relation  holds  for  IT  * (  I  and  S 
are  the  length  and  cross-sectional  area 
of  the  mount).  Now  w,  will  be  given  by 
w,-  where 

If  one  then  attempts  to  compute  the 
velocity  based  on  the  measured  values 
of  Jf  and  by  means  of  the  equation 


Figure  13  '  Effective  Modulus  versus 
Diameter  to  Length  Ratio  for  a 
Circular  Cylinder  with 
Constrained  Ends 


a  misleading  answer  is  obtained,  as  will  now  be  shown. 

The  velocity  Cj,  which  determines  W|,  the  standing  wave  angular 
frequency,  is  the  average  velocity  for  the  entire  length  of  the  mount.  It 
will  now  be  demonstrated  that  C|  is  always  larger  than  C,. 

The  velocities  in  the  different  parts  of  the  mount  are 


where  t ' and  t  are  the  times  required  by  the  wave  to  travel  through  the  differ¬ 
ent  parts  of  the  mount.  Now  the  velocity  C^  is 


(t'  +  t") 


Substituting  the  previous  expressions  for  C  'and  C "gives 


r  •  2 

''1  ^C’+C" 

Writing  this  in  terms  of  the  moduli  £  'and  E one  obtains 

2  (E'Ey'* 


Figure  16  -.Diagram  of  an  Isolation 
Nouqt  Constructed  of  Two  Materials 
of  Differing  Young’s 
Modulus  Rr  and  E  " 
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Writing  C«  In  terms  of  E  and  E "gives 

Ip/  + 


Consider  now  the  ratio  C|/C«.  This  is 


2t/t 


and  is  clearly  larger  than  unity,  except  when  £'■ B ",  in  which  case  It  be¬ 
comes  equal  to  unity.  All  the  theoretical  curves  and  standing  wave  frequen¬ 
cies  are  computed  on  the  basis  of  constant  velocity  of  the  wave  In  the  mount 
where  the  velocity  Is  based  upon  data  obtained  at  the  low  fn^uency  resonance. 
Hence,  It  Is  to  be  expected  that  there  will  be  discrepancies  of  the  type  ob¬ 
served  In  Table  5. 

This  special  case  follows  from  a  more  general  theorem  that  Is  not 
yet  ready  for  publication. 

To  summarize,  the  velocity  of  the  elastic  wave  In  a  compression 
mount  with  constrained  ends  is  subject  to  three  Influences.  The  velocity  will 
tend  to  decrease  with  Increasing  frequency  because  of  the  radial  motion.  The 
value  of  the  damping  parameter  n  tends  to  Increase  with  Increasing  frequency, 
and  this  results  In  an  Increase  in  velocity.  The  "end  effect"  results  In  an 
effective  Increase  In  velocity  with  Increasing  frequency.  These  three  Influ¬ 
ences  co-exlst  and  make  a  precise  prediction  of  the  variation  of  velocity 
with  frequency  exceedingly  difficult. 
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